Introduction
Polyammonium salts have been used in hair conditioners, fixing agents for anionic dye, and wastewater treatment agents. [1] [2] [3] These applications are based on the ionic bond between their positive charge and the negative charges of the hair proteins, dyes, and colloidal particles. Some polyammonium salts have anti-microbial properties, and have been used as alternatives of cationic surfactant-type anti-microbial agents. In this study, cyclic voltammograms (CVs) of the solution containing polyammonium cations and [Fe(CN)6] 4-anion were recorded with solid electrodes. We selected five polyammonium salts comprising quaternary ammonium in the main chain: poly[(dimethylimino)-1, 6 -hexanediyl] (QM1), poly[(dimethylimino)(2-oxo-1,2-ethanediylimino-1,6-hexanediylimino(1-oxo-1,2-ethanediyl)(dimethylimino)-1,6-hexanediyl) (QM2), quaternized poly[bis(2-chloroethyl)ether-alt-1,3-bis[3-(dimethylamino)propyl]urea] (QM3), poly[(dimethylimino)(2-oxo-1,2-ethanediyl)iminio-1,2-ethanediylimino(1-oxo-1,2-ethanediyl-(dimethylimino)-1, 3-propanediyl] (QM4), and poly-(dimethylamine-co-epichrohydrin) (QM5) and those in the subchain: poly(diallydimethylammonium) (QS1) and poly[metacrylpropyltrimethylammonium] (QS2). The chemical structures are shown in Fig. 1 . We also tested polyammonium species comprising primary ammonium: poly[allyamine] (PAA), poly [ethyleneimine] 
(PEI), and poly[lysine] (PLys).
The results show that the [Fe(CN)6] 4-/3-anionic species associate with the polyammonium cations tested to form polycation-[Fe(CN)6] 4-/3-complex species. 4 complex species gave well-developed anodic and cathodic peak currents under certain conditions.
In this paper, the voltammetric behavior is described. The polycation complex species can be easily localized into the internal solution phase of a dialysis membrane covered electrode. An application of the polycation complex species as electron mediator in the catalytic electrode with a redox enzyme has been examined.
Experimental

Chemicals
Polyammonium salts of QM1, QM2, and QM4 with Cl -anion were prepared according to a reported method. 6 The average molecular weights, MW, of the QM1, QM2, and QM4 salts were 33000, 24000, and 60000, respectively. The polyammonium salt of QS2 was obtained as a 17. A stock solution of K4[Fe(CN)6] was freshly prepared every day from potassium hexacyanoferrate(II) trihydrate (Wako), and was used to prepare test aqueous solutions. 3-Morpholinopropanesulfonic acid (MOPS) and bis(2-hydroxyethyl)iminotris-(hydroxymethyl)methane (BisTris) were obtained from Dojindo Laboratories, and were used as buffer component. Other chemicals were reagent-grade materials, and were used without further purification.
Electrochemical measurements
The voltammetric behavior of the polycation complex species has been studied by means of cyclic voltammetry using a threeelectrode system. A plastic formed carbon electrode (BAS 002409) or a platinum electrode (BAS 002013), a platinum coil, and an Ag|AgCl (0.1 M KCl) electrode were used as the working electrode, the counter electrode, and the reference electrode, respectively. The voltammograms were recorded with a homemade electrochemical analyzer.
A dialysis membrane covered electrode 7 containing polyammonium salts in the internal solution phase was also tested. The electrode was prepared as follows. A 10-ml aliquot of 24 mg/l PAA solution was dropped onto the surface of the PFC electrode. The solvent was allowed to evaporate, and then the electrode surface was covered with a dialysis membrane (Viskase Inc., cut-off molecular weight of 3500, 20-mm thick in the dry state). The whole electrode was covered by a nylon net in order to give it physical strength.
Results and Discussion
The dotted line in Fig. 2 shows the CV at the PFC electrode of the 0.20 mM K4[Fe(CN)6], 0.1 M NaCl, and 0.05 M MOPSNaOH solution (pH 7.0) at the scan rate, n, of 0.1 V s -1 . The voltammetric wave can be assigned to be reversible or quasireversible CV of one-electron transfer:
(1)
The midpoint potential of Eq. 4-complex species. With increased cPA, the height of the anodic peak current, ipa, decreased. The concentration dependence of Em and ipa seems to be interpreted by the CE mechanism, 8 that is, electron-transfer of Eq. (1) with preceding dissociation of the QM4-[Fe(CN)6] 4-species when the dissociation process is not so fast. However, the ratio of ipa to the height of the cathodic peak current, ipc, was almost constant independently with cPA, and the dependence does not coincide with the prediction from the mechanism. 9 When cPA > 0.4 g/l, the test solution became emulsified with increased cPA, indicating aggregation of the polycation complex species. The concentration dependence of ipa may be explained by a decrease of the average diffusion coefficient 10 of [Fe(CN6)] 4-and the polycation complex species.
Plot a) in Fig. 3A shows the dependence of ipa on n 1/2 when cFe(CN)6 = 0.20 mM and cPA = 0.2 g/l. When n < 0.1 V s -1 , the ipa increased proportionally with n 1/2 . The regression line is shown by the dotted line. When n > 0.1 V s -1 , the experimental ipavalues become higher than the calculated value by the regression equation. Plot a) in Fig. 3B shows the dependence of ipa on n. With increasing n, ipa tends to be proportional to n. A similar dependence of ipa on the scan rate was obtained also from the CVs recorded with the Pt electrode. The results suggest that a certain amount of the polycation complex species adsorbed onto the electrode surface, 11 and the adsorbed species was also electroactive.
The reproducibility of the potential peak separation at cFe(CN)6 = 0.20 mM and cPA = 0.2 g/l was somewhat poor. One of the reasons for the poor reproducibility may be due to adsorption of the polycation complex species. However, Em when cFe(CN)6 = 0.20 mM and cPA = 0.2 g/l was almost constant independently of n, and was determined as shown in Table 1 3-is more stable than [Fe(CN)6] 4-in the polycation complex species. Also, the dependence of ipa and Em of the polyammonium solutions when cFe(CN)6 = 0.20 mM and cPA = 0.2 g/l on n was similar to that obtained with QM4.
Solid lines in Fig. 4 show the CVs of the test aqueous solutions in the presence of QS1 at different cPAs. When cPA £ 0.1 g/l, that is, the normality of QS1 (< 0.1 g/l ÷ 159.5 ª 0.6 ¥ 10 -3 eq./l) is less than that of [Fe(CN)6] 4-(0.20 mM ¥ 4 ª 0.8 ¥ 10 -3 eq./l), with increasing cPA, the peak currents corresponding to the electrode reaction of Eq. (1) decreased, and anodic and cathodic peak currents at around E = 0.04 V developed. The result indicates that the [Fe(CN)6] 4-/3-anionic species associated also with the polyammonium cation to form the polycation complex species quantitatively, and the QS1-[Fe(CN)6] 4-species gave anodic and cathodic waves at around the potential. The peak potentials of the polycation complex species did not depend on cPA in the tested range, suggesting that the environment of [Fe(CN)6] 4-/3-as a redox center in the complex did not change with the stoichiometry of QS1 and [Fe(CN)6] 4-/3-. When cPA ≥ 0.1 g/l, ipa and ipc of the polycation complex species decreased with increased cPA. When cPA ≥ 0.4 g/l, the test solution was emulsified, suggesting also the aggregation of the polycation complex species. As shown by plot b) in Fig. 3 , the dependence of ipa on the scan rate is similar to that obtained from QM4-[Fe(CN)6] 4-system, indicating also that a certain amount of the polycation complex species adsorbed onto the electrode surface. The reproducibility of the potential peak separation when cFe(CN)6 = 0.20 mM and cPA = 0.2 g/l was somewhat poor, but Em was almost constant independently of n, and was determined as shown in Table 1 4-/3-by its association to the polyammoniums cations. This association may be due to not only the electrostatic interaction but also the hydrogen bonding 12 of the HPO4 2-/-anion with amido, hyodoxy, or amino groups in the polyammoniums. Figure 6 shows the CVs of the 0.10 mM K4[Fe(CN)6], 0.1 M NaCl, 0.05 M NaH2PO4-Na2HPO4 solution (pH 7.0) recorded at different times after the membrane-covered electrode was immersed. The ipa-and ipc-values increased with time, indicating that [Fe(CN)6] 4-transferred through the membrane into the internal solution to form the polycation complex species. After more than 2 h, the ipa-and ipc-values remained constant. Then, the test solution was replaced by the 0.1 M NaCl, 0.05 M NaH2PO4-Na2HPO4 solution (pH 7.0). The ipa-and ipc-values did not change remarkably within one day.
The membrane-covered electrode was immersed also in the test solution containing K3[IrCl6] and ferrocenedicarboxylic acid ([Fe(C5H4COOH)2]).
Cathodic and anodic peak currents attributed to the oxidation and reduction of the polycation complex species with [IrCl6] 3-/2-and [Fe(C5H4COO)2] 2-/-were developed with time. Then, the test solution was replaced by the 0.1 M NaCl, 0.05M NaH2PO4-Na2HPO4 solution (pH 7.0).
The ipa-and ipc-values for the polycation complex species with [IrCl6] 3-/2-did not change remarkably within 1 h, but those with [Fe(C5H4COO)2] 2-/-decreased remarkably. The results indicate that polycation complex species of polyammonium cations with multivalent anionic redox species could be localized around the electrode surface with dialysis membrane.
Thus polycation complex species can be applied as electron mediator for the catalytic electrode with a redox enzyme. We selected bilirubin oxidase (BOD; EC 1.3.3.5) as the redox enzyme. The enzyme catalyzes the following reaction:
and the reaction can be coupled with the electrode reaction of Eq.
(1) to produce a mediated bioelectrocatalytic current for the reduction of O2. We constructed a membrane-covered electrode with an internal solution containing QM4, and BOD. The bioelectrocatalytic current mediated by the polycation complex species was observed with an air-saturated solution. From the time-dependent decrease of the limiting current, that is, the monitoring of inactivation kinetics of BOD, 13 it has been indicated that the polyammonium cations stabilize the enzyme in aqueous solution. The stabilizing effect will be discussed in a following paper. 
